Although the intense biogeochemical gradients present in riparian zones have the potential to affect mercury (Hg) cycling, Hg dynamics in riparian zones has received relatively little attention in the literature. Our study investigated groundwater filtered total mercury (THg) and methylmercury (MeHg) dynamics in three riparian zones with contrasting hydrogeomorphic (HGM) characteristics (till, alluvium, outwash) in the US Midwest.
Introduction
Mercury (Hg) is a potent neurotoxin to wildlife and humans, and Hg contamination of freshwater resources is a major concern nationwide. 1,2 In 2009, 43% of US lakes were under Hg sh consumption advisory, while in 2006, 80% of all state sh consumption advisories were related to excessive Hg concentration in sh. 3, 4 Many studies have therefore investigated the distribution of Hg in streams, 5 whole catchments, 6 wetlands, 7, 8 and lakes. 9, 10 These studies have documented a strong association between Hg and organic matter in surface waters, leading to the general assumption that ecosystems with highly organic soils (e.g., wetlands) are areas of preferential mercury accumulation. 11, 12 In addition, because of the high toxicity and bioaccumulation potential of methylmercury (MeHg), processes driving MeHg production and distribution in the environment are of outmost concern. 10, 13 Studies have shown that hot spots of MeHg production oen involve water-saturated areas characterized by signicant amounts of sulfate reduction. 7 Generally, Hg methylation is associated with the presence of organic matter, anoxic conditions, and an adequate supply of sulfate to sustain the activity of sulfate-reducing bacteria.
Although a few studies have investigated Hg transport in riparian zones, relatively little information is available in the literature about the distribution of Hg and/or MeHg in riparian zones. 15, 16 In regions of signicant atmospheric deposition, or at locations susceptible to Hg contamination from upstream urban sources, riparian zones have nevertheless the potential to play an important role in regulating the fate and transport of both Hg and MeHg in the environment. 3, 17 Indeed, riparian zones act as both a buffer and a preferential conduit for solutes from the upland environment to the stream, 18 and oen include soils that are wetter and have higher organic matter content than their upland counterparts. 19 Strong biogeochemical gradients have also been reported in riparian zones [20] [21] [22] [23] and in particular, signicant sulfate reduction where persistent anoxic conditions exist. 19, 24 In riparian zones receiving signicant amount of Hg, either via atmospheric deposition or riverine processes, the co-occurrence of Hg delivery, organic matter accumulation, and anoxia could potentially lead to signicant amounts of Hg accumulation in association with organic matter, and potentially high Hg methylation rates.
In many studies, researchers have demonstrated that riparian water table dynamics, stream-riparian interactions, and soil organic carbon content can vary drastically depending on soil texture, depth to a conning layer (e.g. glacial till, bedrock, clay), and topography. [25] [26] [27] [28] This implies that Hg accumulation and MeHg production in subsurface waters may also vary signi-cantly with riparian hydrogeomorphology. However, no study has systematically assessed the importance of hydrogeomorphologic variation on Hg and MeHg dynamics in riparian groundwater. This information gap strongly hinders our ability to generalize riparian zone functioning with respect to Hg, and ultimately our ability to better constrain sinks and sources of Hg and MeHg in the landscape for management purposes.
In this study, we investigated ltered total mercury (THg) and MeHg concentrations in the groundwater of three riparian zones with contrasting hydrogeomorphic characteristics in Indiana, USA, where there exists relatively little information on riverine or riparian mercury cycling despite relatively high Hg deposition rates (>16 mg m
À2
). 29 Subsurface biogeochemical conditions at each site (temperature, oxidation-reduction potential, sulfate and dissolved organic carbon concentrations) were measured along with the collection of subsurface water samples for Hg analysis to better understand factors regulating Hg levels and whether these riparian areas have substantial capacity to methylate Hg. The primary objectives of the study were (1) to determine the primary drivers of THg and MeHg concentrations in groundwater across sites, (2) to determine the primary variables regulating Hg methylation at each site, and (3) to assess the extent to which hydrogeomorphic characteristics can be used to generalize riparian functioning with respect to THg and MeHg in the landscape.
Materials and methods

Site description
Three riparian zones with contrasting hydrogeomorphic characteristics were selected near Indianapolis, IN (Fig. 1) . Climate in Indianapolis is classied as temperate continental and humid. Annual precipitation is 104 cm per year with approximately 6.9 cm falling as snow between November and March.
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During the duration of the study, precipitation amounts were 6% wetter than the 30 year normal. 31 The mean annual temperature is 11.4 C with a mean January temperature of À3.1 C and a mean July temperature of 24.1 C. The growing season, which is dened as the last and rst freeze date over a 30 year period, extends from April 10 until October 28.
The three riparian zones studied were selected to represent the three dominant riparian hydrogeomorphic types commonly found in glaciated landscapes of the upper Midwest. The Leary Weber Ditch riparian area (LWD) is located approximately 30 km east of Indianapolis. This site represents the narrow riparian zones (20-30 m wide) that are prevalent along tiledrained corn (Zea mays) and soybean (Glycine max) elds in till plains of the US Midwest. Soils at the LWD site are poorlydrained and belong to the Crosby-Brookston association. In the riparian zone, silty clay loam soil can be found in the upper 1.2 m to 1.5 m of the soil prole. Subsurface drains (a.k.a. tile drains) are located approximately 1.3 m below the ground surface in this grass dominated riparian zone (Fig. 2) . The stream at this site is deeply incised (2.5 m deep) and has periodically been dredged to prevent crop elds from ooding. Further details about this site are available in Vidon and Cuadra (2010).
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The Scott Starling Nature Sanctuary riparian zone (SSNS) is located approximately 10 km west of Indianapolis and corresponds to riparian zones found at the outlet of second to fourth order streams in deep (15-20 m) and wide river valleys (100-200 m) incised into the till plain. 33 Thin outwash deposits and shallow layers of alluvium (1-2 m) are oen found in these riparian zones, where land use in the adjacent upland is generally dominated by managed forest and/or low density residential housing development. At SSNS, soils developed in a thin layer of alluvium (approx. 2 m deep) overlying a conning layer of glacial till that restricts subsurface ow to the rst 2 m of the soil prole. Dominantly loamy soil can be found near the hillslope where grassy vegetation dominates, whereas sandy loam and gravelly sandy loam soils can be found closer to the stream in the wooded section of the riparian zone (Fig. 2) . Historically, this site was articially drained and used for agriculture until 1990. Subsurface tile drains were removed in 1999-2004 and wetland hydrology restored near the hillslope where grassy vegetation has since re-established.
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The third site is the White River riparian zone (WR), located approximately 50 km south of Indianapolis along the banks of the White River. This site corresponds to large riparian zones (100-200 m wide) located along 4th order streams and larger channels where outwash and/or alluvium deposits have accumulated since the last glacial maximum. Soils at the WR site are well drained, and consist of approximately 2 m of silt loam soil (alluvium) overlying a gravel layer and outwash deposits at greater depth (Fig. 2) . This wooded riparian zone (approx. 100 m wide) is oen ooded in response to changes in water levels in the adjacent river. Land-use in the upland is agricultural with a corn-soybean rotation.
Methods
Three transects of wells and piezometers were installed at the SSNS site, and two transects were installed at the WR and LWD sites. Each transect is composed of 5 to 6 nests of piezometers and wells (Fig. 2) . Each nest is composed of one PVC well (5 cm diameter, PVC, screened on entire depth, 130 cm to 200 cm deep depending on site), and piezometers (1.74 cm diameter, PVC, 20 cm slotted end) installed every 50 cm from the ground surface down to the conning layer at the LWD and SSNS site, and down to a depth of 2 m at the WR site. A nylon mesh sleeve was placed over screened intervals to minimize obstruction of wells and piezometers by ne grain particles. To prevent contamination from surface runoff, holes were lled with sand along the screened intervals and a bentonite clay seal was applied near ground level for wells, or above the screened area for piezometers. 35, 36 Riparian soil texture was rst determined by hand texturing analysis during well and piezometer installation, and later by dry sieving in the laboratory to separate the sand fraction from the clay/silt fraction. Topography was determined at each site using a total station (TC 605L Surveying TPS -Leica Geosystems).
Between October 2009 and August 2011, water levels were continuously recorded using a level logger (Solinst, Inc.) in well 1 at LWD, in well 11 at SSNS, and in well 4 at WR (Fig. 2) . Over this period, water levels in all piezometers and wells were also recorded manually approximately once a month. All water levels are reported in centimeters below the mean ground surface elevation (cm BMGSE). Water samples for mercury analysis (see sampling methodology below) were collected in all wells at each site in April, July, August, and December 2010, and in February 2011. At the time of groundwater sampling, temperature and oxidation-reduction potential (ORP) in wells were measured in the eld using a YSI-600 XLM multi-parameter probe. Water samples in both wells and piezometers were also collected for sulfate (SO 4 2À ) and dissolved organic carbon (DOC) concentration analyses in April, July, August, and December 2010, and in February 2011. Aer collection, all water samples for SO 4 2À and DOC were kept in a cooler at 4 C until return to the laboratory, where they were immediately ltered using 0.7 mm GF/F lters (Whatman Inc.). Sulfate was analyzed using a photometric analyzer (Aquakem 20, EST Analytical, Faireld, OH) by EPA standard colorimetric method 375.4. 37 Filtered water samples were analyzed for DOC using a Vario Cube TOC analyzer (Elementar Inc., NJ) equipped with a non-dispersible infrared (NDIR) detector. Inorganic C was removed through internal sample acidication (0.1 M H 3 PO 4 ) and sparging with hydrocarbon-free air. For both sulfate and DOC analyses, triplicate analyses were run on 10% of the samples, and check-standards analyzed every 10 samples. Samples with concentrations below the detection limit were assigned a value equal to one-half the detection limit.
Water samples for Hg analysis were collected using ultraclean methods (EPA Method 1669). Briey, using a peristaltic pump and Teon tubing, well water was pushed through an acid-washed, in-line Teon lter holder packed with an ashed glass ber lter (0.7 mm pore size), directly into clean PETG sample bottles. A "clean hands" operator only handled an inner plastic zipper bag and the sample bottle itself while a "dirty hands" operator operated the pump and handled the outer plastic zipper bag in which sample bottles were kept. Samples were kept on ice in the eld and then acidied to 0.5% by volume with concentrated, trace-metal grade hydrochloric acid (HCl) in the laboratory within 12 hours of collection. Samples were then stored in the dark at 4 C until analysis.
Samples for THg concentration were analyzed by cold vapor atomic uorescence spectroscopy on a Tekran 2600 system following oxidation of samples overnight by the addition of 0.5% by volume of bromine monochloride (BrCl) the day before analysis (EPA method 1631). In this method, all Hg species in water samples are reduced to Hg 0 by mixing the sample with SnCl 2 , and Hg 0 is trapped sequentially on dual gold traps, and thermally desorbed into the uorescence spectrometer. Samples for MeHg concentration were analyzed by isotope dilution-gas chromatography-inductively couple plasma mass spectrometry (ID-GC-ICPMS) according to the methods of Hintelmann and Evans (1997). 38 Briey, water samples were distilled with a known spike quantity of enriched Me 199 Hg in each sample. 39 Distillates were buffered and then ethylated with sodium tetraethylborate in bubblers. Volatile Hg species, including the ethylated MeHg, were trapped onto Tenax-lled glass traps. The Tenax traps were thermally desorbed on a stream of argon, Hg species were separated by gas chromatography, and Hg isotopes were detected by ICPMS. 202 Hg ratio RSD of standards used for analyzing the precision of the isotope dilution MeHg analysis was 1.4%.
All statistical analyses were conducted using SAS 9.2. Concentration values were tested for normality using the Shapiro-Wilks W test. Hg data generally were not normally distributed. Log transformation was successful in normalizing THg and %MeHg data, but not MeHg concentrations. Differences among sites for THg and %MeHg were examined by analysis of variance (ANOVA) on log-transformed data, with Tukey post hoc testing where ANOVA tests were signicant. The non-parametric Wilcoxon test was used with MeHg concentration data. Pearson product-moment correlation coefficients were used to identify correlation between groups of variables.
Results
Site hydrology
Continuous water level measurements at the LWD, SSNS, and WR sites showed two contrasting time periods during the year, with relatively low water table conditions in late summer and fall, and higher water table conditions during winter, spring, and early summer (Fig. 3) . Although all three sites exhibited this seasonal high and low water table pattern, the three study sites exhibited contrasting water table dynamics over the study period (Fig. 3) . At the LWD site, water table levels uctuated between 190 cm BMGSE in December 2010, and 20 cm BMGSE in July 2010 in the riparian zone (excluding wells 3, 6, 7, and 12 located near the bottom of the ditch; Fig. 2 ). Over the study period, the mean water table depth at the LWD site was 127 cm BMGSE in the riparian area. At the SSNS site, water table uctuations were less ashy and of a lesser magnitude (range ¼ 117 cm) than at (Fig. 3) . Over the entire study period, the mean water table depth at the site (158 cm BMGSE) was lower than at either LWD or SSNS. 
Groundwater mercury concentrations
Over the study period, THg concentrations at the WR site (median ¼ 1.05 ng L À1 ) were signicantly higher ( p < 0.0001) than at the SSNS site (median ¼ 0.33 ng L À1 ) and the LWD site
; Fig. 4) . The difference in THg concentration between LWD and SSNS was not statistically signicant (Fig. 4) . Methylmercury concentrations were relatively low and not signicantly different ( p > 0.05) among the study sites (median concentration of 0.01, 0.03 and 0.05 ng L À1 at LWD, SSNS and WR, respectively). Although differences were not always statistically signicant (see above), median THg and MeHg concentrations were typically highest at the WR site, followed by SSNS, and then LWD. With MeHg concentrations expressed as a proportion of the THg concentration (%MeHg), the highest %MeHg was consistently observed at the SSNS site (median ¼ 17% MeHg). Lower %MeHg values were observed at the LWD (median ¼ 9% MeHg) and WR (median ¼ 5% MeHg) sites. The only signicant difference in %MeHg among sites was between SSNS and WR ( p ¼ 0.029). Seasonal patterns in THg concentration were not consistent among the study sites (Fig. 5) . For instance, at the WR site, a clear increase in groundwater THg concentrations was observed When median THg concentration in stream water and groundwater (Fig. 4) were compared, positive correlations were found between these variables (R ¼ 0.79 at WR, R ¼ 0.58 at LWD, R ¼ 0.39 at SSNS) (Fig. 4) . Because of the limited number of stream samples collected (n ¼ 4, no stream Hg samples were collected in April 2010), these correlations were not statistically signicant ( p > 0.05). With regard to MeHg, however, concentrations in stream water and groundwater were signicantly correlated at the WR site (R ¼ 0.85). Correlations between stream and groundwater MeHg were not signicant at the LWD site (R ¼ 0.59, p > 0.05), and signicantly negative at the SSNS site (R ¼ À0.83, p < 0.05).
Discussion
Landscape controls on Hg concentration in groundwater Minnesota 
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Considering the known affinity of THg for DOC, 9 lower THg concentrations at our sites than in other wetland and groundwater environments is likely due to the relatively low DOC concentrations at our sites. Indeed, our sites present relatively low groundwater DOC concentrations (5 mg L À1 < DOC < 9 mg
) relative to riparian zones with large organic deposits (e.g. peat, muck) where DOC > 10 mg L À1 are common, 23 or many wetland environments (DOC > 15 mg L
À1
) in Ontario and Minnesota where higher Hg concentrations in pore water have been observed. 7 The DOC concentrations at our sites are nevertheless consistent with DOC concentrations (3-5 mg L À1 )
reported in a wide variety of riparian zones in glaciated settings in Ontario where no large organic deposits (e.g. peat, muck, buried channels) were present, 23 with DOC concentrations reported in riparian zones in glacial till valleys of Central New York, 41 or with DOC concentrations measured in groundwater under agricultural areas in the Midwest. 42, 43 Collectively, research suggests that DOC concentrations below 10 mg L À1 in many riparian zones in glaciated settings of the US Midwest, Ontario, or the US Northeast are likely more the norm than the exception. From a management standpoint, unless substantial organic soil deposits are present (e.g., peat, muck, buried channels), this suggests that Hg accumulation and mobility in groundwater may not be a signicant environmental issue in many riparian zones located in glaciated settings (as long as point sources of Hg are not present). The signicant positive correlation between THg and DOC in groundwater (R ¼ 0.59, p < 0.05) at our sites does suggest that DOC nevertheless plays a critical role in regulating the presence of Hg in solution and, therefore, its mobility. As soil organic carbon is mineralized and DOC concentration increases in groundwater, more THg is released into solution. However, in those glaciated landscapes where soil organic carbon mineralization is low within riparian zones, THg concentrations are similarly low. When median stream THg or MeHg data (Fig. 4 ) were compared to median THg or MeHg concentrations in riparian groundwater, stream THg and MeHg concentrations were positively correlated with groundwater THg and MeHg concentrations at all sites (except SSNS for MeHg). Although not all correlations were statistically signicant, the results are consistent with our understanding of the hydrologic functioning of the study sites showing a good stream-to-riparian zone connectivity at WR, a good riparian-to-stream connectivity at LWD, and a poor stream-riparian zone connectivity at SSNS. Indeed, previous hydrological studies at SSNS did not show a good connectivity between the stream and riparian zone water at that site. 33, 44 For example, although groundwater ow direction varies at SSNS as a function of seasons and in response to precipitation events, overbank ooding was never observed at this site over a two-year period. 33, 44 When ow reversals occur (i.e., stream to riparian zone hydraulic gradient), they do not last long enough to generate any signicant input of stream water into the riparian zone. 44 This lack of hydrological connectivity is consistent with the weak or negative correlations observed between stream THg and/or MeHg and median groundwater THg and/or MeHg during the study at SSNS. Conversely, well drained sandy soils, no clear lateral groundwater input at the site, and frequent ooding events lasting more than 24 hours suggest greater connectivity between stream water and riparian groundwater at the WR site where most riparian groundwater directly comes from the stream itself. The relatively high correlation coefficients between stream THg and riparian groundwater THg (R ¼ 0.79, p > 0.05) as well as between stream MeHg and riparian groundwater MeHg (R ¼ 0.85, p < 0.05) are consistent with the stream having a strong inuence on Hg distribution in groundwater at that site. This relationship is also consistent with eld observations of Hatcher and Filippelli (2011) showing elevated Hg concentration (i.e. >50 ppb) in sediments collected from frequently ooded banks of the White River downstream from Indianapolis, whereas mean sediment Hg concentrations upstream of the city were only 6 ppb. 17 At the LWD site, most of the water reaching the stream comes from subsurface drains and strongly resembles groundwater. [45] [46] [47] The relatively high correlation coefficients between stream and riparian THg (R ¼ 0.58, p > 0.05) and MeHg (R ¼ 0.59, p > 0.05) in the LWD case are consistent with stream water being strongly inuenced by groundwater.
Overall, the data suggest that the hydrogeomorphic setting of the riparian zone (i.e. topography, soil type, conning layer depth, subsurface drains, susceptibility to ooding), by regulating stream-riparian connectivity, determines the extent to which stream water Hg concentrations will inuence riparian groundwater Hg (e.g. WR) or vice versa (e.g. LWD). For riparian zones located downstream from a potential large source of Hg to stream water (e.g. large urban development) in outwash riparian valleys oen subject to ooding (e.g. WR), Hg concentrations are likely to be higher than in other riparian hydrogeomorphic types.
Biogeochemical controls on MeHg concentration in groundwater
Consistent with the relatively low THg concentrations at our sites, MeHg concentrations (median ¼ 0.01-0.05 ng L À1 ) were also low compared to other studies. MeHg concentrations in groundwater in a coniferous catchment with highly conductive sandy surcial deposits in Michigan varied, for the most part, between 0.05 mg L À1 and 0.6 mg L
À1
. 40 Median %MeHg at our sites (5-17%) were also on the low end of those reported by Selvendiran et al. (2008) in riparian water in a forested watershed in central New York (overall mean ¼ 29%), or of those reported by Stoor et al. (2006) in Michigan (most values were 5-25%MeHg).
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At our sites where consistently high SO 4 2À (29. ) and sub-optimal reducing conditions (ORP > À100 mV) likely explain the lack of correlation between %MeHg, SO 4
2À
and ORP. The positive correlation between %MeHg and temperature nevertheless indicates that Hg methylation at the sites is more likely to occur in summer when temperatures are warm, and groundwater ORP conditions tend to be lower (Table  1) . Our ndings are consistent with other studies reporting higher Hg methylation rates in summer than in cold winter months, and indicative of a strong microbial control on Hg methylation.
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When temperature, ORP, SO 4 2À , and DOC were compared among LWD, SSNS, and WR, no signicant differences ( p > 0.05) were observed (Table 1 ). This suggests that differences in site biogeochemistry are minimal, despite clear differences in hydrogeomorphic characteristics and site hydrology ( Fig. 2 and DOC at our sites were not strong enough to generate clear differences in MeHg production across riparian hydrogeomorphic types. The similarity of groundwater ORP between SSNS and the other two sites despite consistent differences in water table levels (Fig. 3) is most likely related to the low DOC concentrations (5.3 mg L À1 ). Oxidation-reduction processes are tied to the availability of both electron donors and acceptors. 49 Because decomposition of organic matter in saturated soils or groundwater quickly consumes limited supplies of oxygen, microbes are forced to switch to alternative electron acceptors. 20, 26 In terrestrial environments where organic matter is the main electron donor, the redox potential drops as organic matter is oxidized and as oxygen, NO 3 À , and other electron acceptors are reduced in sequence. 50 In the absence of large amounts of organic matter, as is the case at SSNS, organic matter decomposition under anoxic conditions may be limited, which ultimately limits the development of strongly anoxic conditions. From a management standpoint, even in locations with significant wet atmospheric Hg deposition rates, landscapes formerly used for agriculture (e.g., SSNS) may have low soil organic carbon (2.1%), 51 and therefore low groundwater DOC (e.g. 5.3 mg L À1 ), and groundwater Hg, MeHg, and %MeHg despite presenting hydrological conditions similar to many wetland environments, which are normally conducive to high MeHg production and accumulation.
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Conclusions
This study investigated the distribution of THg, MeHg, and % MeHg in the groundwater of three Midwestern riparian zones with contrasting hydrogeomorphic characteristics. In spite of relatively high wet atmospheric Hg deposition in the region, both THg and MeHg concentrations were low at all sites owing to relatively low groundwater DOC concentrations, as in many riparian zone soils in glaciated settings. This suggests that Hg contamination in riparian zones is unlikely to be a major concern in many riparian zones in glaciated settings, unless the riparian zone is a wetland with substantial organic matter or peat deposits, as peat is oen associated with higher than normal Hg concentrations. 7, 13 Hydrological and Hg concentration data nevertheless indicate that the hydrogeomorphic setting of the riparian zone (i.e. topography, soil type, conning layer depth, subsurface drains), by regulating stream-riparian connectivity, determines the extent to which stream water Hg concentrations will inuence riparian groundwater Hg (e.g. WR) or vice versa (e.g. LWD). For riparian zones located downstream from a potentially large source of Hg (e.g., concentrated urban development) in river valleys frequently subjected to ooding (e.g. WR), Hg concentrations are likely to be somewhat higher than in other, less-connected riparian hydrogeomorphic types. Nonetheless, although hydrogeomorphic classications of riparian zones have shown to be useful to generalize riparian function with respect to nitrogen in glaciated settings, [25] [26] [27] [28] differences in riparian hydrogeomorphic characteristics in glaciated settings of the US Midwest do not appear to be associated with strong enough differences in ORP, SO 4 2À and DOC values from one site to the next to generate clear differences in groundwater MeHg concentrations or %MeHg between sites. In places where past human activities (e.g. drainage) have depleted soil organic carbon (e.g. SSNS), less reduced oxidation-reduction conditions than expected based on site hydrology may affect soil biogeochemical conditions, and ultimately Hg cycling.
